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FOREWOiO) 

This Indian Staiid<ard was adapted by the Bureau of Indian Standards on 9 April 1990, after the draft 
finalized by the Engineering Metrology Sectional Committee had been approved by the Light Mechanical 
Engineering Division Council. 

This Indian Standaid has been prepared in the light of technical practices prevailing in the country. The 
purpose of bringing mx this standard is to delete the methods of test repeated in individual product 
standards of precision measuring equipments (while revising them ) and in their place give reference to 
this standard. 

In reporting the results of a test or analysis made in accordance with this standard, if the final value, 
observed or calculated, is to be rounded off, it shall be done in accordance with IS 2 : 1960 'Rules for 
rounding off numerical values ( revised )\ 



AMENDMENT NO.l JANUARY 1993 

TO 

IS 12937:1990 ENGINEERING MEIROLOGY — 

METHODS OF TESTING STRAIGHTNESS, FLATNESS 

AND PREPENDICUIJVRITY 

( Page 2, clause 4.2.4 ) — Insert the i'oliowing ai ibc end of ihe clause: 

'While testing CI scraped surrace, slip gauges oi'suiuble thickness shall be used 
between l)all and scraped surface* The ball shall not touch the scraped surface 
directly/ 

( Page 16, ciuiise 4.3.4 ) — Insert the following at the end of the clause: 

'While testing CI 2»crapcd surface, slip gauges of suitable thickness shall be used 
iKtween l>all and scraped surface. The ball shall not touch the scraped surface 
directly.' 



(LMD05) 
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Indian Standard 

ENGINEERING METROLOGY — 

METHODS OF TESTING STRAIGHTNESS, 

FLATNESS AND PERPENDICULARITY 



1 SCOPE 

1.1 This standard covers the methods of exami- 
nation of straightness, flatness and perpendi- 
cularity. 

2 REFERENCES 

2.1 The following Indian Standards are necessary 
adjuncts to this standard: 

IS No, Title 

2220 : 1990 Engineering metrology— -Steel 

straightedges — Specification 

{first revision ) 

8000 ( Part 1 ) : Geometrical tolcrancing on 
1985 technical drawings : Part I 

Tolerances of form orienta- 
tion, location and run-out 
and appropriate geometrical 
definitions {first revision) 

3 TERMINOLOGY 

3.0 For the purpose of this standard, the follow- 
ing definitions shall apply. 

3.1 Tolerance on Straightness 

The distance between two imaginary parallel 
straight lines within which the actual profile of 
the surface is contained [ see also 14.1 of IS 8000 
( Part 1 ) : 1985 ]. 

3.2 Tolerance on Flatness 

The maximum permissible distance separating 
two imaginary parallel planes within which the 
surface under consideration can just be enclosed 
[ see also 14.2 of IS 8000 ( Part 1 ) : 1985 ]. 

3.3 Tolerance on Perpendicularity 

The maximum permissible distance separating the 
two imaginary parallel planes within which the 



surface under consideration can just be enclosed. 
The imagmary parallel planes are perpendicular 
to the datum face in question [ see also 14.8 of 
IS 8000 ( Part I ) : 1985]. 

4 STRAIGHTNESS AND FLATNESS 
DETERMINATION 

4.1 Instruments Used 

Various instruments used for determination oi 
straightness or flatness errors are given below. 
The selection of the suitable instrument depends 
on the accuracy required in the measurement is 
to be carried out and on the size of the test 
straightedge or surface plate: 

a) Surface plate, straightedge, slip gauge, or 
dial gauge/indicator of known accuracy 

b) Comparator stand or beam comparator 

c) Precison level or electronic level 

d) AutocoUimator 

e) Three-coordinate measuring machine 

f) Laser interferometer 

4.2 Straightness Determination ( of 
Straightedge, Surface Plate, etc ) 

4.2.1 Comparison with a Surface Plate 

Straightness of a straightedge may be tested by 
direct comparison with a master surface plate oi 
known accuracy. Place the straightedge with its 
working edge over the surface plate. Two equal 
slip gauges should be placed just below the points 
of best support. The gap between the lower work- 
ing face of the straightedge and the surface platf/ 
can be measured at various points by fitting slip 
gauges. This is an indication of the degree of 
parallelism along the length of the straightedge 
{seeVig, 1 ). 



SLIP GAUGE 



STRAIGHTEDGE 
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Fio. 1 Testing of Straightbdoe 



IS 12937 1 19M 



4.2.1.1 In reviewing the results thus obtained, 
allowance should be made for the known errors 
in the surface plate along the direction in which 
the test was carried out, 

4.2.2 Comparison with a Straightedge 

If a standard steel straightedge of known accuracy 
complying with IS 2220 : 1962, and length 
comparable that of the test straightedge is avail- 
able, it may be used as a basis in conjunction 
with slip gauges for determining the accuracy of a 
straightedge under test by direct comparison. The 
steel straightedge is placed on the working surface 
of the test straightedge with slip gauges placed 
under the former under the points of support. A 
gap is thus formed between the two straigniedges. 
The width of this gap is then measured at desired 
number of positions by fitting slip gauges into it. 
The true errors of the working surface of the test 
straightedge are arrived at after allowing for the 
errors in the steel straightedge. 

Even when the actual errors of the steel straight- 
edge are not known, the method of test may still 
be used; however it is necessary to repeat the 
measurements of the gap between the two 
straightedges after inverting the steel straightedge 
and to meaure the width of the latter at a number 
of positions so as to determine any errors of 
parallelism between its two working edges. 

4.2.3 The Inclination Method or the Step by Step 
Method 

The instrument used for this purpose should 
measure very small angular variations of a car- 
riage or block as it is moved step by step along the 
centre line of the working surface of the straight- 
edge. It may be a spirit level, an electronic level, 
an autocollimator or any instrument which mea- 
sures small angular variations. However it is 
important to note that the weight of the equip- 
ment is kept to a minimum in order to avoid 
distortion of the surface under test. 

4.2.3.1 The principle of the method is illustrated 
in Fig. 2 and the carriage may consist of a plate 
or block to the underside of which may be htted 
( by wringing or otherwise ) parallel blocks of 
equal thickness. These blocks are placed at a 
separation suited to the step chosen for the mea- 
surement and the carriage is moved along the 
hne in steps of this value ( Fig. 3 ). It is also quite 
satisfactory to use a carriage with feet at a fixed 
distance, a block level wi& fixed feet, provided 
the pitch covered by the feet is suitable for the 
measurement in hand. In either case, the span 
may be marked on the feet of the carriage. 

4.2.3.2 To carry out a test, the straightedge is 
placed on a firm support and the working surface 
under consideration is approximately levelled in 
both longitudinal and transverse directions. The 
carriage to be used for making the flatness test is 



placed at one end of the straightedge with its 
length in the same direction as the latter. After 
making the first reading, the carriage is advanced 
along the straightedge through a distance equal 
to the span of its feet and a second reading is 
made. In this way, the carriage is advanced step 
by step along the straightedge until the other end 
of the working surface is reached. It is usual to 
move the carriage backwards over the same path 
and to obtain a check series of readings terminat- 
ing at the starting position. The inclination of 
each span relative to the first setting is thus found 
and the continuous angular contour recorded. No 
absolute datum, such as true level is necessary. 
The datum is the first angular reading, all other 
inclinations being initially related to this. 

Assume, for example, positions A, 5, C, Z), etc, 
( 6ee Fig. 3 ) laid out 250 mm apart along the 
centre line of the straightedge. A 250 mm span 
will also be marked out on the feet or base of the 
carriage. The first span will be from A to B and 
this will be taken as the initial datum from which 
the other inclinations will be measured. Assume 
also that the span B-C shows an upward tilt of 

5 seconds and C-D a downward tilt of 2 seconds 
when the carriage is moved to these positions. 
On a 250 mm base, one second represents a dis- 
placement of 1*2 m; C will, therefore, be 

6 m above the datum line through A-B, 
and D will be 2*4 m below C or 3*6 m above the 
datum, and so on. The end point of the line will 
generally not be zero although it is usually con- 
venient to take as a datum line the one between 
the extreme points. The final graphs shall, there- 
fore, be tilted about the origin, either arithmeu- 
cally or graphically, to bring the end point to 
zero ( Fig. 3 ). 

4.2.3.3 Table 1 shows the method of recording 
the observations and working up the results. It 
will be noted that an additional zero is placed 
above the first reading in col 5; this is because 
the first reading, although taken as datum zero, 
represents the relative levels of two points, A and 
B, In this case the error at B will not, therefore, 
be zero in col 7 if the graph has to be swung 
about the origin. 

4.2.4 Testing on a Coordinate Measuring Machine 

Straightness measurement can be conveniently 
carried out on a three-coordinate measuring 
machine, if the test item can be accommodated 
on it. 

4.2.5 Laser Interferometric Method 

Laser interferometer is also capable of making 
straightness measurement. Its straightness optics 
forms a highly accurate optical straightedge, 
which can measure the straightness of travel of 
machine tool and measuring machine coordinate 
motions with interferometric accuracy. An exam- 
ple of measurement set up is shown in Fig. 4. 
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Table 1 Method of Recording the Observations 

( Clause 4.2.3.3 ) 



Position of 
Carriage 


Angular 
Reading 


DifiFerence 
from First 
Reading at 
Position AB 


Tilt Over 

250 mm 

Span 


Cumulative 

Deviations 

from Plane 

AB 


Proportional 
Adjustments 
to Bring £ to 
Zero 


Error ( Alge- 
braic Sum of 
col 5 and 6 ) 


Position 
Along 

Straight- 
Edgc 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 




sec 


sec 


mm 


mm 


mm 


mm 




— 


— 


— 


— 











A 


AB 


15 











-i-8 


-re 


B 


BC 


20 


+ 5 


+ 6 


46 


-3-6 


4-2-4 


C 


CD 


13 


-2 


-2 4 


4-3*6 


-5 4 


-1-8 


D 


DE 


18 


•+•3 


+ 3-6 


4-7-2 


-7-2 





E 



NOTE — Although the span used may be of any value within reasonable limits, it is convenient to make it about 
one-tenth of the length of the straightedge, giving ten steps of measurement. 
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Fio. 4 X-Axis Horizontal Straightness Measurement Set 



4.3 Flatness Determination 
Plates, Flats, etc ) 

4,3.1 Grid Formation 



( of Surface 



4.3.1.1 The method of testing large surface 
plates consists in dividing the entire area of the 
surface plate into a series of imaginary straight 
lines forming a grid and determining the straight- 
ness of each of these lines. The distance between 
these lines is decided by the degree of accuracy re- 
quired; normally it is taken as approximately one- 
tenth the width of the surface plate, but it is not 
convenient to use a distance closer than 50 mm. 
For medium and large surface plates, the extreme 
outer lines are taken approximately 10 to 20 mm 
from the outer edges ( see Fig. 5 ). The procedure 
is as follows: 

In Fig. 5 the dotted lines represent the imaginary 
grid lines drawn on the table and along these lines 
the straightness is measured. The datum plane may 
be arbitrarily chosen as containing for instance, 
the points A^ B and C so that the points at A^ B 
and C are brought to zero. Taking AB as a 



datum line, the errors at various points along AB 
are measured. Similarly, AC and BC are taken as 
datum lines along which the errors are measured. 
The line joining A and is produced to D, The 
errors at and D with respect to datum surface 
arc then determined. Taking D as a reference 
point, errors along BD and CD are determined. 
This process is continued until all the points of 
intersection of the grid lines are covered and a 
contour map of the entire surface is obtained with 
reference to ABC as the datum surface. 

4.3. 1.2 Alternatively, 8 basic lines grid can be 
formed as shown in Fig. 6. Instruments and 
equipments needed for this method are: 

a) precision level, electronic level or auto- 
coUimator, 

b) bridge or mount bracket for mounting of 
level, mirror, reflector or optical flat, and 

c) accurately machined straight steel strip or 
straightedge for guiding the bridge or 
mount bracket. 
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Fio. 5 Testing of Surface Plates ( Grid Method ) 
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The level or reflector in case of autocoUimator is 
mounted on a bridge or a mount bracket, the 
support pads of which are separated by a dis- 
tance arbitrarily chosen so that it will divide 
evenly into dimensions of the surface plate. This 
distance should be about 8 to 10 percent of the 
length of the short side of the plate. Various 
bridges or mount brackets are needed for diffe- 
rent size plates. In addition, a straight strip or 
straightedge, graduated in increments equal to 
the distance between the support pads of the 
bridge or mount bracket, is used. 

A total of eight lines of reading are taken and 
marked on surface plate leaving about 20 mm 
from plate edges, that is four perimeter lines, two 
diagonal lines and two centre lines, as shown in 
Fig. 6. It is recommended to punch letters on 
side edges of surface plate for identification of 
lines. 

The perimeter lines are laid out in one increment 
from the edge of the plate. The precise stations at 
which readings along all eight lines taken are 
measured in steps equal to the increments on the 
straight strip or straight edge. 

The level bridge or reflector mount bracket 
is moved along the line and readings are taken 
for each station and for each of the eight lines. 
When taking readings for diagonal line AC 
starting from A and going towards C always 
write AC as A-C and if it is otherwise .write C-A, 
Follow this procedure for all the eight lines. 
These readings taken for each line and each 
station are entered directly on the properly 
identified worksheets, as shown in Table 1 , .After 
each line is completed, the level or reflector is 
moved back to the first station on that line and 
another reading taken. If this does not agree 
within ± 3*0 seconds of arc with first reading 
taken at that same station, the operation must be 
repeated. 



The readings entered on the work sheet show 
only angular displacement in a second of arc in 
relation to the line of first reading ( in autocolli- 
mators or electronic levels, now available, the 
angular displacement could be in tenths of a 
second of arc ). To be readily meaningful, these 
must be converted to linear deviations from base 
plane. The procedure for these conversions and 
their presentation is discussed in the specimen 
example. 

4.3.2 Comparative Method with a Beam Comparator 

4.3«2.I The general degree of flatness of a 
surface plate may be quickly and accurately 
compared with that of a master plate of the same 
size or larger by the use of a beam comparator of 
the type shown in Fig. 7. Having set the distance 
between the two outer legs to the maximum 
dimensions of the plate to be tested, the beam 
comparator is placed first on the master plate and 
then on the one to be tested, the indicator being 
read on each occasion. Any difference in the two 
readings is a direct measurement of the error in 
the plate under test over the span used. 

4.3.2.2 For this type of comparative test it is not 
essential that the master plate itself should be 
absolutely true, provided its error is known even 
along the one line where the beam comparator 
is set; this error may be adjusted in the final 
result. 

4.3.3 Alternate Method Using Precision Level or Auto- 
coUimator 

A precision level or an electronic level or the 
mirror in case of an autocoUimator is mounted on 
a suitable bridge as shown in Fig. 8. The centre 
part of the bearing areas at both the ends of the 
bridge may be relieved if necessary to provide 
for proper seating. The distance X ( see Fig. 8A ) 
between the two bearing areas of the bridge is 
chosen to suit the inspection requirements. ( The 
bridge used in the specimen example has .Y equal 
to 100 mm. ) 



20 mm 



20 mm 




L = 1600 mm 



B = 1000 mm 



Fio. 6 EiOHT Principal Lines Grid 
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Fio. 7 Test Apparatus for RiorowY Test 



The surface plate is approximately levelled using 
the engineers level by positioning it in two 
mutually perpendicular positions in the middle as 
shown in Fig. 8B. 

4.3.3.1 Specimen example with grid pattern ( given 
in 4.3.ia ) 

The surface plate is divided into small squares or 
100 mm or any other convenient size, as shown 
in Fig. 8C. The bridge is used in such a way ( ste 
Fig. 8D ) that when the bearing areas of the 
bridge scan the centres of areas Ai and Ai^ then 
the reading indicate the difference in height bet- 
ween Ai and A^. Similarly, the difference in level 
between A% and A^ and so on up to A^ and A^ 
are tabulated as shown in Fig. BE. The readings 
of row A are thus completed. The level then is 
positioned on the centres of areas A^ and Bi and 
the readings noted which gives the difference in 
height between Ai and B\, Now the readings of 
row B are taken scanning the centres of areas ^i, 
^2, Bi and so on which gives the reading of 
row B. Further readings are completed for all the 
rows and the readings are tabulated as shown 
in Fig. BE. 

Since ^1 is the datum point, the reading 2X A^ 
is taken as zero. With the help of these readings 
the cumulative values, that is, errors at various 
points are reduced with reference to the datum 
Ai by taking the algebraic sum of the individual 
differences, as indicated in Fig. 8F. This table 
gives the linear heights of the surface from a 
plane passing through the first square Ay whose 
value is zero. However, if required, readings may 
be taken in any other column such as the middle 
or the last column for cross checking. 

The error of flatness is defined as the minimum 
distance between two parallel planes, one passing 
through the topmost point (s) of the profile and 
the other passing through the bottommost 
point(s) of the profile. This is explained in Fig. 9A 
as applicable for straightness. The same principle 
is extended for flatness. From actual readings it 
is, therefore, necessary to visualize two parallel 
planes and reorient them in such a way that the 
difference between the maximum and the mini- 
mum of the computed values gives the minimum 
distance between them. If necessary, the plane 
of the working surface may be inclined in a 
convenient position and the difference computed. 
This can be done either mathematically which is 
quite complicated or by a simple method as 
described below. 

This is easily understood by following the speci- 
men calculation as referred to readings obtained 
on a 1 000 mm x 630 mm granite surface plate. 
Figure 9B gives the actual readings while Fig. 9G 
gives the cumulative values. After reorienting the 
planes, the values are retabulated as in Fig. lOA 
and Fig, lOB for directions DA and AB. From 
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the finally computed values the difference in the 
maximum and the minimum indicates the actual 
error of flatness. The zero reference line in this 
example is chosen at area Ai ( see Fig. BC ), but 
this may be taken in any column or row depend- 
ing upon the type of the surface. In such a case 
the adding or the subtracting value start with, 
say, -f 3+2+ 1 -f - 1 —2. This manipulation 
is carried out till we get the minimum difference 
between the highest and the lowest value(s). 

4,3*3.2 Specimen example with grid pattern given 
in 4.3.1.2 

Directions for converting readings taken for each 
of eight principal lines ( see Fig. 6 ) into linear 
displacement in microns are given without any 
attempt at theoretical justification. One line of 
each class is explained in detail with the help of 
work sheets in Table 2. 

For each of the eight lines, the stations at which 
readings were taken are identical in column I in 
terms of millimetres from the edge of the plate 
in the direction in which the line was read. 

The instrument readings are entered in column 2. 
No reading is entered for the first station on the 
line. 

Conversion for Diagonals: AC and DB: 

To process the AC diagonal line data, the follow- 
ing steps should be taken in the order 
( sequence ) given below: 

a) Convert the instrument readings into 
angular displacement by determining the 
amount by which each value in column 2 
is greater or less than the first value in 
column 2. Do this at each station, enter 
the result in column 3, paying attention 
to the sign. 

b) Next determime the algebraic sum of the 
angular displacement at each station and 
enter this value in column 4. To do this, 
add the values in column 3 down to and 
including each station. 

c) Divide the last value in column 4 by the 
total number minus one of the stations on 
the line to determine the correction factor. 
( In the example shown, there are 
13 stations. Hence correction factor for 
diagonal AC = 6/12 == +0*50. ) 

d) Set up arithmetic progression in column 5. 
Reverse the sign of the value in column 4 
opposite the midst ation and enter it oppo- 
site the same station in column 5, Working 
up column 5 from the midstation, add the 
correction factor cumulatively at each 
station. Return to the midstation and sub- 
tract the correction factor cumulatively 
at each station to the bottom of the 
column. The resulting arithmetical pro- 
gression is the cumulative correction factor 
for each station. 
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POSSIBLE ORIENTATIONS OF THE IDEAL SURFACE: 
Ai-Bt} A2-B2; Aa-Bs 

CORRESPONDING DISTANCES: 
hi ; h2 ; ha 

OF THESE hi IS THE MINIMUM. THEREFORE, THE 
ORIENTATION OF THE IDEAL SURFACE IS A1-B1, 
AND hi IS TO BE EQUAL TO OR LESS THAN THE 
SPECIFIED TOLERANCE. 

FIG.9A 
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FIG.9B 
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B 



FIG.9C 

All values in (im. 
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e) At each station, add algebraically the 
values in columns 4 and 5 enter the sum 
which is the angular displacement from 
the datum plane in column 6. [ The 
datum plane ( see Fig. 1 1 A ) is that plane in 
which the centre point of the surface plate 
lies and is parallel to the lines containing 
the end points of each diagonal. ] Proceed 
with the other diagonal D-B in exactly 
the same way to this point. Before the last 
two columns for the diagonals can be 
completed, computation for the perimeter 
and centre lines must be carried to this 
point. Do the perimeter lines next. 



-Conversion 
Line AB: 



for Perimeter lines — Perimeter 



i) Proceed exactly as with the diagonal 
through column 4 for each of the perimeter 
line. 

ii) Prepare a chart of the surface plate as 
illustrated in Fig. 13. Enter the physical 
centre and the values found for the ends 
of the diagonal from column 6 in the work 
sheet as shown. This chart is important as 
without it there is danger of confusing the 
figures. 



IS 12937 t 1990 

iii) Enter the value for the A and in columns 5 
and 6 opposite the first station* Enter the 
value of the B and opposite the last station 
in column 6 only. 

iv) Next find the correction factor. Subtract 
the value opposite the last station in 
column 4 from the value opposite the same 
station in column 6 [ — 1 — ( +6 ) 
5= — 7 ]. Enter this value opposite the last 
station in column 6. Subtract this value 
from that opposite the first station in 
column 5 [ — 10 — ( — 70 ) « -h6 ] 
and divide the result by the total number 
of stations on the line minus one ( + 6/10 
« -f-0-60 ). The result is the correction 
factor. 

v) Beginning at the last station in column 5, 
add the correction factor cumulatively up 
the column at each station. 



vi) 



To find the angular displacement from 
the datum plane, algebraically add the 
values opposite each station in columns 4 
and 5 aUd enter the results in column 6. 
Complete the conversion for each of the 
perimeter lines to this point and enter the 
values at the midpoints in Fig. 12. Now 
proceed with the centre lines. 




DIAGONAL LENGTH ABs1858mm 



Fio. 1 1 Diagram Showing Relationship of Profile of Diagonal AB to Line of 

First Reading and Datum Plane 



A 
-1,0 



H 
-3.0 



D 
.1.0 



•2.0 



B 







G 



•1.0 



F 
■2.0 



C 
-1.0 



J'lo. 12 Data Reduction Work Sketch for Determining Correction Factors and 

Displacements from Datum Plane 
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Conversions for H-F Centre Line 

i) Carry the conversion through column 4. 
The procedure for the centre lines is 
exactly the same as for the diagonals and 
perimeter lines to this pomt. 
ii) From Fig. 13 enter the value for the mid- 
point of the perimeter line AB opposite 
the first station in columns 5 and 6. Enter 
the value for the midpoint of the perimeter 
line BC opposite the last station in column 
6 only, 
iii) Subtract the value opposite the last 
station in column 4 from the value oppo- 
site the same station in column 6 and 
enter this value at the last station in 
column 5. 
iv) Subtract the last value in column 5 from 
the first and divide the result by the total 
number of stations on the line minus one. 
The result is the correction factor. 

v) Beginning at the last station in column 5, 
add the correction factor up the column 
in an arithmetic progression to find the 
cumulative correction factor for each 
station. 

vi) At each station, add algebraically the 
values in columns 4 and 5 and enter the 
result in column 6. This is the angular 
displacement from the datum plane. 

vii) Change the sign of the value opposite the 
midstation in column 6 and add it to the 
value opposite each station in column 6. 
Enter the sums in column 6a. 

A word of explanation is necessary at this point. 
The center line check is the criterion of accuracy 
for the entire operation. The value at the point 
at which the centre lines and diagonals intersect 
is physically zero. If everything was done per- 
fectly the value opposite the centre stations would 
be zero. But this is not possible because each 
slight error in reading the instrument is reflected 



at the midstation of the centre lines. If the magni- 
tude of this error is under 2*5 microns^ the cali- 
bration may be regarded as satisfactory; if not 
the job must be done over. 
Column 6a, which appears only in the work 
sheets for the centre lines, is used to move the 
error away from the centre, which is known to be 
zero, out to the perimeter. 

Final Step in Conversion 

The work sheets for the eight lines are now 
completed through column 6, including column 
6a, for the centre lines. 

The procedure for columns 7 and 8 is identical for 
all work sheets and must be done together. 

i) Search through column 6 for all work 
sheets, column 6a of the centre lines, for 
the lowest value in all the 8 columns. Add 
this value to the value opposite each 
station in column 6 ( 6a for the centre 
lines) and enter the sums in column 7. This 
figure is the angular displacements in arc 
seconds from the true base plane. This is 
defined as the plane containing the point 
of lowest reading and parallel to the datum 
plane. 

ii) Next, convert the values in column 7 to 
linear values in microns. To do this multi- 
ply the product of the sine of 1 second 
(0000 005) times the distance between 
the centre lines of the bridge or mount 
brackets, say, for example, for diagonals 
AC z.nd BD bridge support is 152 5 mm 
then multiplying factor for diagonals shall 
be 152-5 X 0000 005 « 0*000 762 5 mm 
or say, 0*76 microns, by the values in 
column 7 at each station. Round off the 
answer to the nearest one tenth micron 
and enter the value in column 8. Likewise 
carry out conversion for perimeter lines 
and centre lines and enter values in 
column 8. 

B 



A 










E 












2.7 


2.3 
2.3 


3.4 


2.9 3.2 


2.0 


1.5 2.6 


1.3 


1.6 
3.6 


2.7 




2.3 




1.9 








4.4 




3.3 




2.5 






2.3 
3.4 
3.1 




4.0 
4.0 
4.1 






3.1 


H 


2.3 
1.5 
2.1 


1.9 
2.5 


2.3 
2.4 


2.7 2.3 
2.0 
1.4 
2.3 


3.4 


4.6 4.2 
2.3 

0.4 




4.6 
1.1 


3.4 
1.5 


3.0 
2.5 
2.3 




2.7 


3.1 


3.5 


4.7 6.6 


7.0 


5.9 4.7 


4.3 


3.1 


2.7 



NOTE — Figure represents height from base plane in microns. 
All points He between two parallel planes 7*0 microns apart. 

Fig. 13 Linear Deviations from Basb Plane Indiqatbd Along the Eight 
Principal Lines op a 1 600 mm x 1 000 mm Size Surpage Plats 
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Table 2 Work Sheet for Calibrating a 1 600 x 1 000 mm Surface Plate 

( Clause 4.3.3.2 ) 



Station 

(mm from 

Edge) 


Instrument 

Readings 

Arc Sec 


Angular DIa* 

placement 

Arc Sec 


Sum of Dis- 
placement 
Arc Sec 


Cumulative 
Correction 
Factor Arc 
Sec 


Displacement 
from Datum 
Plane Arc Sec 


Displace- 
ment from 
Base Plane 

Arc Sec 


Displace- 
ment from 
Base Plane 
(0001 mm) 


(1) 


(2) 


(3) 


(4) 


(5) 




(6) 


(7) 


(8) 








Diagonal AC 










28*0 











- ro 




- ro 


3-5 


2-70 


180-5 


8-0 








- 1-5 




- 1-5 


30 


2-3 


333-0 


80 








-2-0 




- 2*0 


2-5 


1-9 


485-5 


9-0 


+ 1-0 


+ 10 


- 2-5 




- 1-5 


3-0 


2-3 


638-0 


10-0 


+ 2-0 


+ 3-0 


- 30 







4-5 


3-4 


790-5 


8-0 





+ 3-0 


- 3-5 




- 0-5 


4-0 


3-1 


943-0 


90 


+ 1-0 


+ 4-0 


- 4-0 







4-5 


3-4 


1 095-5 


7-0 


- 1-0 


+ 3-0 


- 4-5 




- 1-5 


30 


2-3 


1 248-0 


6-0 


-2-0 


+ ro 


- 50 




- 4-0 


0-5 


0-4 


1 400-5 


80 





+ 1-0 


- 5-5 




- 4-5 








1 553-0 


10-0 


+ 2-0 


+ 3-0 


-6-0 




- 3-0 


1-5 


1-1 


1 705-5 


9-0 


+ 1-0 


+ 4-0 


- 6-5 




-2-5 


2-0 


1-5 


:i 858-0 


10-0 
+ 6 


+ 2-0 
4. 0-50 


+ 6-0 


- 7-0 




- ro 


3-5 


2-70 
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Diagonal BD 








28-0 











- 1-0 


- TOO 


3-5 


2-70 


180-5 


10-0 








+ 0-17 


+ 0-17 


4-67 


3-60 


330-0 


100 








+ 1-33 


+ 1-33 


5-83 


4-40 


485-5 


80 


- 2-0 


-2-0 


4- 2-50 


+ 0-50 


5-00 


40 


638-0 


90 


- 1-0 


- 3-0 


+ 3-67 


+ 0-67 


5-17 


40 


790-5 


90 


- 1-0 


- 4-0 


+ 4-83 


+ 0-83 


5-33 


41 


943*0 


8-0 


- 2-0 


-6-0 


+ 6-0 





4-50 


3-4 


I 095-5 


7-0 


- 30 


-90 


4- 7-17 


- 1*83 


2-67 


20 


1 248-0 


80 


-20 


- no 


+ 8-33 


- 2-67 


1-83 


1-4 


I 400-5 


10-0 





- 11-0 


+ 9-50 


- 1-50 


3-00 


2-3 


1 553-0 


90 


- 1-0 


- 12-0 


+ 10-67 


- 1-33 


3-17 


2-4 


1 705-5 


9-0 


- 10 


- 13-0 


+ 11-83 


- 1-17 


3-33 


2-5 


1 858-0 


9-0 

-14-0 
12 


- 1-0 
- - 1-17 


- 14-0 


+ 13-00 


- 1-00 


3-50 


2-70 














( Continued ) 
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Table 2 (contintud) 



Arc Sec 


(0*001 mi 


(7) 


(8) 


3-50 


2-70 


2-90 


2-30 


4-30 


3-40 


3-70 


2-90 


4-1 


3-20 


2-5 


2-00 


1-9 


1'50 


3-3 


2-60 


1-7 


1-30 


2-1 


reo 


3-5 


2*70 



Station Inttrament Angular Dis- SnmofOls- Gnmnlative Displacement Displace- Displace- 

(muft from Readings placement placement Correction fronoi Datum ment from ment from 

Edge) Arc Sec Arc Sec Arc Sec Factor Arc Plane Arc Sec Base Plane Base Plane 

Sec Arc Sec (0*001 mm) 

(1) (2) (3) (4) (5) (6) 

Perimeter Line AB 

20-0 - 1-0 - 1-0 

176-0 8 - re - 1-6 

3320 10-0 4- 2-0 + 2-0 - 2*2 - 0*2 

4880 8-0 +2*0 - 2*8 - O'd 

644-0 9-0 + 1-0 + 3-0 - 3-4 - 0-4 

800-0 7-0 ~ 1-0 + 20 - 4-0 - 2*0 

956-0 8-0 +2-0 - 4*6 - 2*6 

1112-0 10-0 + 2-0 + 4-0 - 5-2 - V2 

1268-0 7-0 - 1-0 + 3-0 - 5*8 - 28 

1424-0 9-0 + 1-0 + 4-0 - 6*4 - 2*4 

1580-0 10-0 + 2-0 + 6-0 - 7-0 - TO 

- 1-0 ■ (~ 7-0) +6 

— To iT " "^ ^ ^^ 

Perimeter Line DC 

20-0 - rO - 1-0 3*5 2-70 

1760 10-0 - 0-5 - 0-5 4-0 3' 10 

3320 10-0 4-5 3*50 

488-0 11-0 +1-0 +10 +0-5 +1-5 .6-0 4*70 

644-0 12-0 + 2-0 + 3-0 + TO + 4-0 8-5 6-60 

800-0 10-0 +3-0 + 1-5 + 4-5 90 7-00 

956-0 8*0 - 2-0 + rO + 2-0 + 3-0 7-5 5-90 

1 112-0 8-0 - 2*0 - I'O + 2-5 + 1-5 6-0 4*70 

1 268-0 9-0 - 1-0 - 2-0 + 3*0 + 1*0 5*5 4-30 

1 424-0 8-0 - 2-0 - 4-0 + 3-5 - 0*5 4-0 3-10 

1580-0 9-0 -1-0 -5-0 +4-0 -TO 3*5 2*70 

10 10 ^^ 

Perimeter Line AO 

200 - 1-0 - 1-0 

180-0 8-0 - 1-67 - 1-67 

340-0 90 + I'O + 1-0 - 2-33 - 1'33 

500-0 7-0 - 1-0 - 3*0 - 3-0 

660 9-0 + 1-0 + VO - 3-67 - 2*67 

820-0 10-0 + 2-0 + 3-0 - 4*93 - 1-93 

9800 9-0 + i-0 + 4'0 ~ 5-0 - I'O 



6 



3-50 


2 80 


2-83 


2-30 


3-17 


2-50 


1-50 


1-20 


1-83 


1-50 


2-57 


2-10 


3-50 


2*80 




( Continued ) 
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T«bl«2 {concluded) 



(mm from 
Edge) 


Iiuitrmiitnt AngvlMr DIs- 8«m of DU- Cumulative Displacement 

Reudlnis plucemcnt place meat Correction from Datum 

Arc Sec Arc Sec Arc Sec Factor Arc Plane Arc Sec 

Sec 


Displace- 
mient from 
Base Plane 
Arc Sec 


Displace- 
ment from 
Base Plane 
(OHMlmm) 


(1) 


(2) 






(3) 


(4) (5) 
Perimeter Line BC 




(6) 


(7) 


(8) 


20*0 



















- 10 




- 1-00 


3-50 


2-80 


180-0 


10-0 
















-0-33 




-0-33 


4-17 


3-30 


340*0 


90 






VO 


- 


10 




+ 0-33 




-0-67 


3-83 


3-10 


5000 


8-0 






' 2-0 


- 


30 




+ 1-00 




-2-0 


2-50 


2-00 


660-0 


lO-O 









- 


30 




+ 1-67 




- 1-33 


3-17 


2-50 


820-0 


9-0 






• 1-0 


- 


4-0 




+ 2-33 




- 1-67 


2-83 


2-80 


980-0 


10-0 









- 


4-0 




+ 3-0 




- i-o 


3-50 


2-80 






J^C 


!-(*.■., 


-4-0 
"■ 6 


. «» 


0-67 
























Centre Line £G 










(I) 


(2) 




(3) 




(4) 




(5) 




(6) 


(7) 


(8) 


(9) 


20-0 

















-20 




-2-0 


-2-75 


1*75 


1-40 


180-0 


8-0 














- 2-08 




-208 


-2-83 


1-67 


1-ao 


340'0 


9-0 




+ 1-0 




+ 1-0 




-2-17 




- 1-17 


- 1-92 


2-58 


2-00 


500-0 


100 




+ 2-0 




+ 3-0 




-2-25 




+ 0-75 





4-50 


360 


'660-0 


10-0 




+ 2-0 




+ 5-0 




- 2-33 




+ 2-67 


+ 1-92 


6-42 


5-10 


820-0 


8-0 









+ 50 




-2-42 




+ 2-58 


+ 1-83 


6-33 


5-10 


-980-0 


lO-O 




+ 2-0 




+ 7-0 




-2-5 




+ 4-5 


+ 3-75 


8-25 


6-60 




•~* 


20 


6 


2-5) 


+ 0-5 
" 6 


- + 0-0833 
Centre Line HF 










(I) 


(2) 




(3) 




(4) 




(5) 




(6) 


(7) 


(8) 


(9) 


20-0 

















-3-0 




-3-0 


- 1-5 


30 


2-3 


176-0 


8-0 














-3-5 




- 3-5 


-2-0 


2-5 


1-9 


332-0 


9*0 




+ 1"0 




+ 1-0 




-40 




- 3-0 


- 1-5 


3-0 


2-3 


488-0 


9-0 




+ 10 




+ 2-0 




-4-5 




-2-5 


- 1-0 


3-5 


2-7 


644-0 


8-0 









+ 2-0 




-5-0 




-30 


- 1-5 


3-0 


2-3 


800-0 


lo-o 




+ 2-0 




+ 4-0 




-5-5 




- 1-5 





4-5 


34 


956-0 


10-0 




+ 2-0 




+ 6-0 




- 6-0 







+ 1-5 


6-0 


4-6 


1 112-0 


8-0 









+ 6-0 




-6-5 




- 0-5 


+ 1-0 


5-5 


4-2 


1268-0 


9-0 




+ 1-0 




+ 7-0 




- 7-0 







+ 1-5 


60 


4-6 


1 424-0 


7'0 




+ 1-0 




+ 6-0 




-7-5 




- 1-5 





4-5 


3-4 


1 580-0 


8-0 









+ 6-0 




- 8-0 




~ 2-0 


-0-5 


4-0 


30 






3-0 - ( - 
10 


8-0) 


^ +5-0 
16 


•- 


+ 0-5 













Maximum deviation in DC 6 — 7-0 microns 
Closing error in HP » 1*1 microns 

Closing error in FG » 0*8 microns 
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Conclusion 

The data from column 8 when reported on the 
form shown in Fig. 13 allows the user to see at a 
glance the features of the surface plate he is 
using. It shows not only the extremes of variation, 
but also the best areas on the plate. 

4.3.4 Testing on a Coordinate Measuring Machine 

Flatness measurement using the grid methods 
shown in 4.3.1 and 4.3.2 may be conveniently 
carried out on a three-coordinate measuring 
machine, if the test surface plate can be accom- 
modated on it. 

4.3.5 Laser Interferorzetric Method 

Laser interferometer with its angular optics and 
flatness accessory kit is capable of measuring the 
flatness of surface plates or machine tool beds. 
Measurement set up for a surface plate calibra- 
tion is shown in Fig. 14. 

ANGULAR REFLECTOR 
STRAIGHTEDGE W^™ FOOTSPACER 



TNESS MIRROR 




JLNGULAR 
INTERFEROMETER 
WITH FLATNESS 
MIRROR 

Flo. 14 Laser Intbrfbrometric Method 

4.3.6 Flatness of Small Surfaces 

A sensitive method of chocking the flatness of a 
surface which has been lapped and polished is by 
means of an optical flat or a gauge block inter- 
ferometer, making use of the phenomenon of 
optical interference. With monochromatic light, 
the interference patterns formed are true contour 
maps of the surface, a few typical patterns are 
shown in Fig. 15. 

4.4 Computer Analysis 

Modern coordinate measuring machines and laser 
measurement systems are equipped with computer 
that gather, analyse, plot and store straightness/ 
flatness measurement data. 

5 PERPENDICULARITY DETERMINATION 

5.1 Instruments Used 

5.1.1 Tested known accuracy cylindrical square, 
engineer's square or block square, surface plate 
or toolmaker's flat and slip gauges. 



SJiS Squareness Tester and Tested Known Accuracx 
Square 

5.1.3 Autocollimator and Optical Square 

5.1*4 Coordinate Measuring Machine 

5.1 tS Laser Interferometer 

5.2 Perpendicularity Determination 
Methods 

5#2.1 Comparison with a Standard Square 

For testing a square the reference cylinder ( or 
block ) and the square are stood side by side on a 
tested surface plate of known accuracy. The 
square is slid gently into contact with one side of 
the cylinder ( or block ) and the fit between the 
latter and the outer edge of the square is sighted 
against a well illuminated background. If a taper- 
ing slit of light is seen, the magnitude of the error 
present in the square can be ascertained by tilt- 
ing it with gauge blocks inserted under the two 
ends of the stock until a light-tight fit is achieved 
from top to bottom of the blade. The error can 
then be found from the difTerence between the 
two gauge blocks and their distance apart. 



:x 



(a) 






Fio. 15 Typical Interference 
Patterns 

5.2.2 Testing on a Squareness- Tester 

The perpendicularity of a block square can be 
tested on a Grade 1 surface plate by means of a 
simple form of 'squareness tester' ( see Fig. 16 ), 
This consists of a rigid angle block, the vertical 
arm of which is fitted with a transverse straight- 
edge near the bottom and a sensitive indicator 
towards the top. By this means, any out-of- 
squareness of face Bi with respect to faces Ai and 
Ai can be determined by .taking the mean of 
readings on Bj with the block standing first on 
Ai and then on A^. After checking B, for per- 
pendicularity, Bi may also be checked. It may be 
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mentioned that any error in the perpendicularity 
of the block is revealed two-fold by the indicator 
of the squareness tester. 

5.2.3 Testing on a Tilting Square Tester 

A method of testing an engineers' try square with- 
out reference to a block square or master square 
of any sort is by means of a truly parallel sided 
straightedge A {see "Fig. 17), held upright on 
A grade surface plate in a tiltable support that 
permits the straightedge to be slightly inclined in 
Its own plane on either side of the perpendicular. 
The square, J*, to be tested is stood along side 
the straightedge and the perpendicularity of the 
latter is adjusted by a vertical micrometer screw, 
B, which forms one of the three feet of the 
support, until there is a light-tight fit between 
the outer edge of the blade and the adjacent side 
of the straightedge. The square is then transferred 
to the other edge of the straightedge. If a light- 
tight fit is also obtained against this edge of the 
straightedge, the square is quite true. On the 
other hand, if a tapered slit of light is seen against 
the second edge, the direction of the error in the 
square becomes immediately apparent. The 
magnitude of the error is shown two fold. It can 
be measured very accurately by readjusting the 
micrometer 5, so as to obtain a light-tight fit 
against the second edge of straightedge and 
noting the difference between the micrometer 
reading in this position and that obtaining pre- 



viously with the square in contact with the first 
edge. One half of this difference divided by the 
horizontal normal distance between the axis of 
the micrometer and the axis of the tilt of the ball- 
feet C, of the support gives the angular error of 
the square per unit of length. 

5.2,4 Testing with Tilting Bar and Autocollimator 

The instrument comprises a vertical bar, pivoted 
on a horizontal axis slightly above its centre of 
gravity, carrying two discs of equal diameter and 
a plane mirror. The mirror, which is set with its 
plane at right angles to the plane in which the 
bar swings, forms the reflecting surface for an 
autocollimator used to measure the angle of tilt 
of the bar. 

The work to be tested, such as the try-square 
shown in Fig. 18 is brought up to make contact 
with both discs and the autocollimator reading is 
noted. The square is then applied to the discs at 
the other side, as shown by the dotted lines. The 
bar is thus tilted into a different position and a 
reading is taken on the autocollimator. The 
difference between the readings is equal to twice 
the error in perpendicularity. 

The upper disc should be capable of vertical 
adjustment in order that the instrument may deal 
with varying sizes of work. If, in addition, the 
lower disc can be adjusted, the perpendicularity 
of the inside edge of the blade to the bottom of 
the stock can be tested. 
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Fio. 16 Mbthod of Testing PERPENDicuLARrrv of Block Squares 
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Fio. 17 Testino on a Tilting Squareness Tester 
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18 Tilting Bar Method of Squareness Testing 



5.2.5 Testing with an Optical Square 

Occasions may arise wherein it may not be 
possible to align an autocoUimator to obtain a 
reflection from the surface to be tested. In such 
cases, an optical square may often be employed. 
An example is shown in Fig. 19 where the per- 
pendicularity of the vertical face to the base of the 
workpiece is to be checked. 

The optical square is a constant-deviation prism 
which turns rays of light through 90 degrees with- 
out the necessity of setting it precisely in relation 
to the light. The actual angle is not exactly 90 
degrees, but the error is only a second or two 
and is engraved on the body of the square, so 
that, if necessary for very precise measurements, 
allowance can be made for this slight variation. 



Referring to the figure, the autocoUimator is set 
to receive a reflection from the surface plate and 
the reading is noted. The work to be checked is 
then placed on the surface plate and the optical 
square put in position. If the vertical face of the 
work is accurately perpendicular with the base, 
the autocoUimator reading will not alter; any 
change is a direct measure of the departure from 
perpendicularity. 

5.2.6 Testing of an Internal Right Angle 

Figure 20 shows how an autocoUimator may be 
used to check the perpendicularity of an internal 
right angle. The instrument is arranged at an 
angle of approximately 45 degrees to receive 
reflections from both faces forming the right 
angle. If these are not suflBciently reflective, slip- 
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gauges may be held against them as shown in the 
^gure. If the faces are accurately perpendicular, 
only one reflection is seen in the autocoUimator 
but any departure from perpendicularity causes 
two reflections. 



AUTOCOLLIMATOR 
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Fio. 19 UsiNo AN Optical Square to Test for 
Perpendicularity 

5.2.7 Testing on a Coordinate Measuring Machine 

Perpendicularity testing may be conveniently 
done on a three coordinate measuring machine, 
if the test item can be accommodated on it. 




5.2.8 Laser Interferometric Method 

Laser interferometer provides perpendicularity 
measuring capability by using the straightedge 
configuration in combination with a precision 
optical square ( see Fig. 21 ). 

The optical square bends the optical straightedge, 
defined by the Straightness reflector, precisely 
90"^. This enables the operator to make straight- 
ness measurements of two orthogonal axes with 
one optical set up. 

The optical square is supplied with a reference 
mounting fixture that aids alignment of the square 
by positioning it to match the system's common 
optical centerline in both the horizontal and 
vertical orientations. 

5.2.8.1 Making perpendicularity measurements 

In the example shown X-axis out-of-straightncss 
in the vertical plane is measured first. Then the 
optical square is positioned under the spindle axis 
to bend the optical straightedge 90" and the 
straightness interferometer and retroreflector are 
mounted in the spindle. The turning mirror is 
mounted on the square to complete the beam 
path to the laser head. Out-of- straightness in the 
same plane in the Z-axis is then measured ( see 
Fig. 22). 

A comparison of the two straightness measure- 
ments with respect to the 90** reference establish- 
ed by the optical square yields out-of-squareness 
between the X and Z axes. 



AUTOCOLLIMATOR 
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Fio. 20 Perpendicularity Testing of an Internal Right Angle 
U 




Fio. 21 X-Axis Vertical Straightness Measurement Set-Up 
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Fio. 22 Z-Axis Straiohtness and X-Z Axes Perpendicularity Measurement Set-Up 
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